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(57) A high-strength galvanized steel sheet having a
chemical composition containing, by mass%, C: 0.07%
to 0.25%, Si: 0.01% to 3.00%, Mn: 1.5% to 4.0%, P:
0.100% or less, S: 0.02% or less, Al: 0.01% to 1.50%, N:
0.001% to 0.008%, Ti: 0.003% to 0.200%, B: 0.0003%
to 0.0050%, and the balance being Fe and inevitable
impurities, in which the relationship Ti > 4N is satisfied,
and a microstructure including, in terms of area ratio in
a cross section located at 1/4 of the thickness from the
surface of a base steel sheet, a ferrite phase in an amount
of 70% or less (including 0%), a bainite phase and a
tempered bainite phase in an amount of 20% or less (in-

cluding 0%) in total, a tempered martensite phase in an
amount of 25% or more, and a retained austenite phase
in an amount of less than 3% (including 0%), in which
the average crystal grain diameter of the tempered mar-
tensite phase is 20 mm or less, in which a variation in the
Vickers hardness of the tempered martensite phase is
20 or less in terms of standard deviation, and in which
the number density of carbides having a minor axis length
of 0.05 mm or more in the tempered martensite phase is
3 3 106 particles/mm2 or less and a method for manu-
facturing the steel sheet.
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Description

Technical Field

[0001] The present invention relates to a high-strength galvanized steel sheet and a method for manufacturing the
steel sheet.

Background Art

[0002] In order to reduce CO2 emission from the viewpoint of global environment conservation, improving the fuel
efficiency of an automobile by reducing the weight of the automobile body while maintaining the strength of the automobile
body continues to be an important issue in the automobile industry. In order to reduce the weight of an automobile body
while maintaining the strength of the automobile body, reducing the thickness of a steel sheet by increasing the strength
of the steel sheet which is used as a material for automobile parts is effective. Here, many automobile parts which are
made from a steel sheet are formed by using, for example, a press forming method or a burring forming method. Therefore,
a high-strength galvanized steel sheet which is used as a material for automobile parts is required to have not only a
desired strength but also excellent formability.
[0003] Nowadays, there is a growing trend toward using a high-strength galvanized steel sheet as a material for the
skeleton of an automobile body. When a high-strength galvanized steel sheet is formed, since work which mainly involves
bending is performed in many cases, excellent bending workability is required. In addition, since the combination of work
which mainly involves bending and stretch flange forming significantly increases applicability to automobile parts, there
is a demand for a material having both satisfactory bending workability and satisfactory stretch flange formability. Against
such a background, various high-strength galvanized steel sheets excellent in terms of bending workability and stretch
flange formability are being developed. Patent Literature 1 and Patent Literature 2 disclose techniques regarding high-
strength galvanized steel sheets excellent in terms of bending workability from the viewpoint of cracking. Patent Literature
3 discloses a technique regarding a high-strength galvanized steel sheet excellent in terms of stretch flange formability.

Citation List

Patent Literature

[0004]

PTL 1: Japanese Unexamined Patent Application Publication No. 2012-12703
PTL 2: Japanese Unexamined Patent Application Publication No. 2010-70843
PTL 3: Japanese Unexamined Patent Application Publication No. 2007-119842

Summary of Invention

Technical Problem

[0005] However, in the case of the techniques according to Patent Literature 1 and Patent Literature 2, since bending
workability is simply increased only from the viewpoint of cracking, no consideration is given to, for example, appearance
quality such as shapes and wrinkles after forming has been performed. When a high-strength galvanized steel sheet is
subjected to bending work, since streaky undulation appears on a bending ridge line due to, for example, the segregation
of alloy chemical elements, there is a problem of a decrease in, for example, coating capability and appearance quality.
Such a problem frequently occurs particularly in the case of a high-strength galvanized steel sheet containing alloy
chemical elements in large amounts. In the case of the technique according to Patent Literature 3, since no consideration
is given to achieving both satisfactory bending workability and satisfactory stretch flange formability, there is room for
improvement.
[0006] The present invention has been completed in view of the situation described above. An issue to be solved by
the present invention is to provide a high-strength galvanized steel sheet excellent in terms of stretch flange formability
and bending workability and a method for manufacturing the steel sheet.

Solution to Problem

[0007] The present inventors, in order to solve the issue described above, diligently conducted investigations from
many viewpoints such as the chemical composition and microstructure of a steel sheet and a method for manufacturing
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the steel sheet, and, as a result, found the following facts.
[0008] It is possible to achieve a high strength and excellent stretch flange formability and bending workability at the
same time by controlling the C content to be 0.07 mass% to 0.25 mass%, by appropriately controlling the contents of
other alloy chemical elements, and by appropriately controlling the combination of the area ratios of a tempered martensite
phase and a bainite phase, the hardness of a tempered martensite phase, and so forth. The present invention has been
completed on the basis of such knowledge, and the subject matter of the present invention is as follows.

[1] A high-strength galvanized steel sheet having a chemical composition containing, by mass%, C: 0.07% to 0.25%,
Si: 0.01% to 3.00%, Mn: 1.5% to 4.0%, P: 0.100% or less, S: 0.02% or less, A1: 0.01% to 1.50%, N: 0.001% to
0.008%, Ti: 0.003% to 0.200%, B: 0.0003% to 0.0050%, and the balance being Fe and inevitable impurities, in
which the relationship Ti > 4N is satisfied, and a microstructure including, in terms of area ratio in a cross section
located at 1/4 of the thickness from the surface of a base steel sheet, a ferrite phase in an amount of 70% or less
(including 0%), a bainite phase and a tempered bainite phase in an amount of 20% or less (including 0%) in total,
a tempered martensite phase in an amount of 25% or more, and a retained austenite phase in an amount of less
than 3% (including 0%), in which the average crystal grain diameter of the tempered martensite phase is 20 mm or
less, in which a variation in the Vickers hardness of the tempered martensite phase is 20 or less in terms of standard
deviation, and in which the number density of carbides having a minor axis length of 0.05 mm or more in the tempered
martensite phase is 3 3 106 particles/mm2 or less.
[2] The high-strength galvanized steel sheet according to item [1], the chemical composition further containing, by
mass%, at least one selected from Cr: 0.01% to 2.00%, Mo: 0.01% to 2.00%, V: 0.01% to 2.00%, Ni: 0.01% to
2.00%, and Cu: 0.01% to 2.00%.
[3] The high-strength galvanized steel sheet according to item [1] or [2], the chemical composition further containing,
by mass%, Nb: 0.003% to 0.200%.
[4] The high-strength galvanized steel sheet according to any one of items [1] to [3], the chemical composition further
containing, by mass%, at least one selected from Ca: 0.001% to 0.005% and REM: 0.001% to 0.005%.
[5] A method for manufacturing a high-strength galvanized steel sheet, the method including performing the following
processes in the following order: a hot rolling process in which, after having performed finish rolling on a slab having
the chemical composition according to any one of items [1] to [4], cooling is performed such that a total time during
which the hot-rolled steel sheet is retained in a temperature range of 600°C to 700°C is 10 seconds or less and in
which coiling is performed at a coiling temperature of lower than 600°C, a cold rolling process in which cold rolling
is performed with a rolling reduction of more than 20%, an annealing process in which heating is performed to an
annealing temperature of 750°C to 950°C at an average heating rate of 15°C/s or less and in which the heated steel
sheet is held at the annealing temperature for 30 seconds or more, a first cooling process in which cooling is
performed at an average cooling rate of 3°C/s or more, a galvanizing process in which galvanizing is performed, a
second cooling process in which, after having performed cooling to a temperature equal to or higher than the Ms
temperature at an average cooling rate of 1°C/s or more, cooling is performed to a temperature of 100°C or lower
at an average cooling rate of 100°C/s or more, and a tempering process in which reheating is performed to a
temperature of 350°C or lower and in which the reheated steel sheet is held at the temperature for 1 second or more.
[6] The method for manufacturing a high-strength galvanized steel sheet according to item [5], in which, after having
performed galvanizing in the galvanizing process, an alloying treatment is further performed on the galvanizing layer
by heating the galvanized steel sheet to a temperature of 460°C to 600°C.

[0009] Here, in the present invention, the meaning of the term "a high-strength galvanized steel sheet" includes not
only a galvanized steel sheet but also a galvannealed steel sheet which have a tensile strength (TS) of 980 MPa or
more. In addition, in the case where it is necessary to distinguish between a galvanized steel sheet and a galvannealed
steel sheet, these steel sheets shall be separately described. Advantageous Effects of Invention
[0010] According to the present invention, it is possible to obtain a high-strength galvanized steel sheet excellent in
terms of stretch flange formability and bending workability. It is possible to realize a satisfactory appearance quality after
bending work has been performed on the high-strength galvanized steel sheet according to the present invention. The
high-strength galvanized steel sheet according to the present invention can suitably be used as a material for automobile
parts.

Description of Embodiments

[0011] Hereafter, details of the present invention will be described. Here, "%" used when describing the contents of
constituent chemical elements shall refer to "mass%", unless otherwise noted.
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1) Chemical composition

C: 0.07% to 0.25%

[0012] C is a chemical element which is necessary for increasing T5 by forming a martensite phase. In the case where
the C content is less than 0.07%, since the strength of a martensite phase is low, it is not possible to achieve a TS of
980 MPa or more. On the other hand, in the case where the C content is more than 0.25%, there is a decrease in bending
workability. Therefore, the C content is set to be 0.07% to 0.25%. In order to achieve a TS of 1180 MPa or more, it is
preferable that the C content be 0.08% or more, or more preferably 0.10% or more. On the other hand, it is preferable
that the upper limit of the C content be 0.23% or less.

Si: 0.01% to 3.00%

[0013] Si is a chemical element which is effective for increasing TS through the solid solution strengthening of steel.
In order to realize such an effect, it is necessary that the Si content be 0.01% or more. On the other hand, in the case
where the Si content is increased, there is a decrease in bending workability due to the embrittlement of steel. In the
present invention, it is acceptable that the Si content be as high as 3.00%. Therefore, the Si content is set to be 0.01%
to 3.00%, preferably 0.01% to 1.80%, more preferably 0.01% to 1.00%, or even more preferably 0.01% to 0.70%.

Mn: 1.5% to 4.0%

[0014] Mn is a chemical element which increases TS through the solid solution strengthening of steel and through the
formation of a martensite phase by inhibiting ferrite transformation and bainite transformation. In order to fully realize
such an effect, it is necessary that the Mn content be 1.5% or more. On the other hand, in the case where the Mn content
is more than 4.0%, there is a decrease in bending workability due to the embrittlement of steel. Therefore, the Mn content
is set to be 1.5% to 4.0%. It is preferable that the lower limit of the Mn content be 1.8% or more. It is preferable that the
upper limit of the Mn content be 3.8% or less, or more preferably 3.5% or less.

P: 0.100% or less

[0015] Since P decreases bending workability through the embrittlement of steel due to grain boundary segregation,
it is desirable that the P content be as small as possible. However, the P content is set to be 0.100% or less from the
viewpoint of, for example, manufacturing cost. It is preferable that the P content be 0.050% or less, more preferably
0.025% or less, or even more preferably 0.015% or less. Although there is no particular limitation on the lower limit of
the P content because there is no problem in principle even in the case where P is not contained at all, since there is a
decrease in productivity in the case where the P content is less than 0.001%, it is preferable that the P content be 0.001%
or more.

S: 0.02% or less

[0016] Since S decreases bending workability as a result of existing in the form of inclusions such as MnS, it is desirable
that the S content be as small as possible, and it is acceptable that the S content be as high as 0.02% in the present
invention. Therefore, the S content is set to be 0.02% or less. Although there is no particular limitation on the lower limit
of the S content because there is no problem in principle even in the case where S is not contained at all, since there
is a decrease in productivity in the case where the S content is less than 0.0005%, it is preferable that the S content be
0.0005% or more.

Al: 0.01% to 1.50%

[0017] Since Al is effective as a deoxidizing agent, it is preferable that A1 be contained in a deoxidation process. In
order to realize such an effect, it is necessary that the A1 content be 0.01% or more. On the other hand, in the case
where the A1 content is more than 1.50%, since an excessive amount of ferrite phase is formed when annealing is
performed, there is a decrease in TS. Therefore, the Al content is set to be 0.01% to 1.50%, preferably 0.01% to 0.70%,
or more preferably 0.01% to 0.10%.

N: 0.001% to 0.008%

[0018] In the case where the N content is more than 0.008%, since there is coarsening of TiN, the formation of a ferrite
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phase is promoted because such TiN becomes the nucleation site of a ferrite phase, which makes it impossible to form
the steel sheet microstructure according to the present invention. On the other hand, in the case where the N content
is less than 0.001%, since there is a decrease in the effect of inhibiting the crystal grain growth of a ferrite phase and a
martensite phase due to refining of nitrides such as AIN and TiN, it is not possible to form the steel sheet microstructure
according to the present invention due to coarsening of the crystal grains of these phases. Therefore, the N content is
set to be 0.001% to 0.008%.

Ti: 0.003% to 0.200%

[0019] Ti is a chemical element which is effective for refining crystal grains of a tempered martensite phase in a final
microstructure by inhibiting the recrystallization of a ferrite phase when annealing is performed. In addition, Ti is a
chemical element which is effective for bringing about the effect of B by inhibiting the formation of BN as a result of fixing
N. In order to realize such effects, it is necessary that the Ti content be 0.003% or more. On the other hand, in the case
where the Ti content is more than 0.200%, since coarse carbonitrides (such as TiCN and TiC) are formed, there is a
decrease in the amount of solid solute C in steel, and there is a decrease in TS. Therefore, the Ti content is set to be
0.003% to 0.200%. It is preferable that the lower limit of the Ti content be 0.010% or more. It is preferable that the upper
limit of the Ti content be 0.080% or less, more preferably 0.060% or less, or even more preferably 0.030% or less.

B: 0.0003% to 0.0050%

[0020] B is a chemical element which is effective for forming a tempered martensite phase having a small variation in
hardness by homogeneously inhibiting the nucleation of a ferrite phase and a bainite phase from grain boundaries. In
order to fully realize such an effect, it is necessary that the B content be 0.0003% or more. On the other hand, in the
case where the B content is more than 0.0050%, since there is an increase in the amount of inclusions, there is a
decrease in bendability. Therefore, the B content is set to be 0.0003% to 0.0050%. It is preferable that the lower limit of
the B content be 0.0005% or more. It is preferable that the upper limit of the B content be 0.0035% or less, or more
preferably 0.0020% or less.

[0021] Ti is a chemical element which is effective for bringing about the effect of B by inhibiting the formation of BN
as a result of fixing N. In order to fully realize such an effect, it is necessary that the content of Ti and N satisfy the
relationship Ti > 4N.
[0022] Although the remainder is Fe and inevitable impurities, one or more of the chemical elements described below
may be appropriately added as needed. In addition, in the present invention, impurity chemical elements such as Zr,
Mg, La, Ce, Sn, and Sb may be contained in an amount of 0.002% or less in total.
[0023] At least one chemical element selected from Cr: 0.01% to 2.00%, Mo: 0.01% to 2.00%, V: 0.01% to 2.00%, Ni:
0.01% to 2.00%, and Cu: 0.01% to 2.00%
[0024] Cr, Mo, V, Ni, and Cu are chemical elements which are effective for increasing strength by forming low-tem-
perature-transformation phases such as a martensite phase. In order to realize such an effect, it is preferable that the
content of each of at least one selected from Cr, Mo, V, Ni, and Cu be 0.01% or more. On the other hand, in the case
where the content of each of Cr, Mo, V, Ni, and Cu is more than 2.00%, since the effect of these chemical elements
becomes saturated, there is an increase in cost. Therefore, in the case where these chemical elements are added, it is
preferable that the content of each of Cr, Mo, V, Ni, and Cu be 0.01% to 2.00%. It is more preferable that the Cr content
be 0.01% to 1.50%, that the Mo content be 0.01% to 0.80%, that the V content be 0.01% to 0.80%, that the Ni content
be 0.01% to 1.50%, and that the Cu content be 0.01% to 0.50%.

Nb: 0.003% to 0.200%

[0025] Nb is a chemical element which is effective for refining the crystal grains of a tempered martensite phase in
the final microstructure by inhibiting the recrystallization of a ferrite phase when annealing is performed. In order to
realize such an effect, it is preferable that the Nb content be 0.003% or more. On the other hand, in the case where the
Nb content is more than 0.200%, since coarse carbonitrides (such as NbCN and NbC) are formed, there is a decrease
in the amount of solid solute C in steel, which may result in a decrease in TS. Therefore, in the case where Nb is added,
it is preferable that the Nb content be 0.003% to 0.200%, more preferably 0.005% to 0.080%, or even more preferably
0.005% to 0.060%.
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[0026] At least one chemical element selected from Ca: 0.001% to 0.005% and REM: 0.001% to 0.005%
[0027] Ca and REM are both chemical elements which are effective for increasing bending workability by controlling
the shape of sulfides. In order to realize such an effect, it is preferable that the content of each of at least one selected
from Ca and REM be 0.001% or more. On the other hand, in the case where the content of each of Ca and REM is more
than 0.005%, since there is an increase in the amount of inclusions, there may be a decrease in bending workability.
Therefore, in the case where these chemical elements are added, it is preferable that the content of each of Ca and
REM be 0.001% to 0.005%.

2) Steel sheet microstructure

Area ratio of ferrite phase: 70% or less (including 0%)

[0028] In the case where the area ratio of a ferrite phase is more than 70%, it is difficult to achieve a TS of 980 MPa
or more and satisfactory bending workability and stretch flange formability at the same time. Therefore, the area ratio
of a ferrite phase is set to be 70% or less. In order to achieve a TS of 1180 MPa or more, it is preferable that the area
ratio of a ferrite phase be 60% or less, more preferably 20% or less, or even more preferably 8% or less.

Area ratio of bainite phase and tempered bainite phase: 20% or less (including 0%) in total

[0029] In the case where the area ratio of a bainite phase and a tempered bainite phase is more than 20% in total,
there is a decrease in bending workability and stretch flange formability. Therefore, the area ratio of a bainite phase and
a tempered bainite phase is set to be 20% or less in total. Here, in the present invention, a bainite phase consists of an
upper bainite phase and a lower bainite phase, and a tempered bainite phase consists of a tempered lower bainite phase.

Area ratio of tempered martensite phase: 25% or more

[0030] In the case where the area ratio of a tempered martensite phase is less than 25%, it is difficult to achieve a TS
of 980 MPa or more and satisfactory bending workability and stretch flange formability at the same time. Therefore, the
area ratio of a tempered martensite phase is set to be 25% or more. In order to achieve a TS of 1180 MPa or more, it
is preferable that the area ratio of a tempered martensite phase be 40% or more, more preferably 80% or more, or even
more preferably 90% or more. Here, in the present invention, a tempered martensite phase is a martensite phase
including carbides. In the present invention, the meaning of the term "a tempered martensite phase" includes an auto-
tempered martensite phase.

Area ratio of retained austenite phase: less than 3% (including 0%)

[0031] Retained austenite phase decreases bending workability and stretch flange formability by transforming into a
hard martensite phase when bending work is performed. Therefore, the area ratio of a retained austenite phase is set
to be less than 3%, preferably less than 2%, or more preferably less than 1%.
[0032] Here, the volume fraction of a retained austenite phase is determined by using the method described below.
Then, the value of the volume fraction is treated as the value of an area ratio.

Average crystal grain diameter of tempered martensite phase: 20 mm or less

[0033] In the case where the average crystal grain diameter of a tempered martensite phase is more than 20 mm,
there is a decrease in bending workability. Therefore, the average crystal grain diameter of a tempered martensite phase
is set to be 20 mm or less, or preferably 15 mm or less.

Standard deviation of variation in Vickers hardness of tempered martensite phase: 20 or less

[0034] In the case where the standard deviation of a variation in the Vickers hardness of a tempered martensite phase
is more than 20, there is a decrease in bending workability. Therefore, the standard deviation of a variation in the Vickers
hardness of a tempered martensite phase is set to be 20 or less, or preferably 15 or less. Here, in the present invention,
it is preferable that the Vickers hardness of a tempered martensite phase be 300 to 600.
[0035] Number density of carbides having a minor axis length of 0.05 mm or more in tempered martensite phase: 3
3 106 particles/mm2 or less
[0036] In the case where the number density of carbides having a minor axis length of 0.05 mm or more in tempered
martensite phase is more than 3 3 106 particles/mm2, there is a decrease in bending workability. Therefore, the number
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density of carbides having a minor axis length of 0.05 mm or more in tempered martensite phase is set to be 3 3 106

particles/mm2 or less.
[0037] The steel sheet microstructure according to the present invention may be a tempered martensite single phase.
On the other hand, there is a case where the steel sheet microstructure according to the present invention includes a
martensite phase and a pearlite phase as additional phases other than a ferrite phase, a tempered martensite phase,
a bainite phase, a tempered bainite phase, and a retained austenite phase. However, in the present invention, it is
preferable that the total area ratio of the additional phases be less than 2%, or more preferably less than 1%.
[0038] Here, the term "the area ratio" of, for example, a ferrite phase, a tempered martensite phase, a bainite phase,
or a tempered bainite phase in a steel sheet microstructure refers to the ratio of the area of each phase to an observed
area in microstructure observation. It is possible to determine such an area ratio by taking a sample from a base steel
sheet free from a galvanizing layer (galvannealing layer in the case where alloying has been performed), by polishing
a cross section in the thickness direction parallel to the rolling direction, by etching the polished cross section by using
a 3%-nital solution, by taking the photographs of 3 fields of view located at 1/4 of the thickness from the surface of the
base steel sheet by using a SEM (scanning electron microscope) at a magnification of 1500 times, by determining the
area ratio of each phase from the obtained image data by using image analysis software (for example, Image-Pro
manufactured by Media Cybernetics, Inc.), and by defining the average area ratio of the 3 fields of view as the area ratio
of each phase. In the image data described above, a ferrite phase is characterized by a black region, a martensite phase
is characterized by a white region which does not include any carbide, a tempered martensite phase is characterized
by a light gray region which includes carbides having random orientations, a tempered lower bainite phase is characterized
by a dark gray region which includes carbides having a homogeneous orientation, an upper bainite phase is characterized
by a black region which includes carbides or an island-type white microstructure, a lower bainite phase is characterized
by a light gray region which includes carbides having a homogeneous orientation, and a pearlite phase is characterized
by a black and white layered microstructure. Here, a tempered martensite phase may include carbides having various
sizes. In the present invention, the number density of specified carbides in a tempered martensite phase is specified on
the basis of the method described below. In addition, since it is difficult to distinguish between a martensite phase and
a retained austenite phase by using image data, the area ratio of a martensite phase is defined as a value obtained by
subtracting the value of the volume fraction of a retained austenite phase, which has been determined by using the X-
ray diffraction method described below, from the area ratio of a white microstructure.
[0039] The average crystal grain diameter of a tempered martensite phase is determined by using the image data
from which the area ratio has been determined, by dividing the total area of a tempered martensite phase in the 3 fields
of view described above by the number of grains of tempered martensite phase in order to obtain an average area, and
by defining the average area raised to the power of 1/2 as the average crystal grain diameter.
[0040] The volume fraction of a retained austenite phase in a cross section located at 1/4 of the thickness from the
surface of a base steel sheet is determined by using the following method. That is, in a surface exposed by grinding the
surface of a base steel sheet in the thickness direction to the position located at 1/4 of the thickness and by further
performing chemical polishing on the ground surface in order to remove 0.1 mm in the thickness direction, the integrated
reflection intensities of the (200) plane, (220) plane, and (311) plane of fcc iron (austenite) and the (200) plane, (211)
plane, and (220) plane of bcc iron (ferrite) are determined by using the Kα ray of Mo with an X-ray diffractometer. Then,
the volume fraction of a retained austenite phase is defined as a volume fraction obtained from the ratio of the integrated
reflection intensities of the relevant planes of fcc iron (austenite) to the integrated reflection intensities of the relevant
planes of bcc iron (ferrite).
[0041] The Vickers hardness of a tempered martensite phase is determined by using the following method. By taking
a test piece having a cross section parallel to the rolling direction, a width of 10 mm, and a length (in the rolling direction)
of 15 mm, and by selecting tempered martensite phase grains (including auto-tempered martensite phase grains) at
random at a position located at 1/4 of the thickness from the surface of the base steel sheet in the cross section, the
determination of Vickers hardness is performed on the selected grains. The determination is performed at 20 points with
a load of 20 g.
[0042] Subsequently, by using the values of Vickers hardness determined at 18 points other than the maximum and
minimum values of the determined Vickers hardness, a standard deviation σ is calculated by the equation described in
[Math. 1] below.
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where σ: standard deviation, n: number of determination points (18 in the present invention), x: individual determined
Vickers hardness, and x: average Vickers hardness.
[0043] The number density of carbides in a tempered martensite phase is determined by taking photographs of 10
fields by using a method similar to that used for the determination of the area ratio of, for example, the tempered martensite
phase as described above, by using a SEM at a magnification of 10000 times, by counting the numbers of carbides
having a minor axis length of 0.05 mm or more in the obtained image data, and by dividing the average number by the
area of the field of view. Here, the minor axis length of a carbide is derived by determining the area of an island-type
carbide, by then determining the maximum length of the island-type carbide, and by dividing the area of the island-type
carbide by the maximum length of the island-type carbide.

3) Manufacturing conditions

[0044] It is possible to manufacture the high-strength galvanized steel sheet according to the present invention by
using, for example, a method for manufacturing a high strength galvanized steel sheet including performing the following
processes in the following order: a hot rolling process in which, after having performed finish rolling on a slab having the
chemical composition described above, cooling is performed so that a total time during which the hot-rolled steel sheet
is retained in a temperature range of 600°C to 700°C is 10 seconds or less and in which coiling is performed at a coiling
temperature of lower than 600°C, a cold rolling process in which cold rolling is performed with a rolling reduction of more
than 20%, an annealing process in which heating is performed to an annealing temperature of 750°C to 950°C at an
average heating rate of 15°C/s or less and in which the heated steel sheet is held at the annealing temperature for 30
seconds or more, a first cooling process in which cooling is performed at an average cooling rate of 3°C/s or more, a
galvanizing process in which galvanizing is performed, a second cooling process in which, after having performed cooling
to a temperature equal to or higher than the Ms temperature at an average cooling rate of 1°C/s or more, cooling is
performed to a temperature of 100°C or lower at an average cooling rate of 100°C/s or more, and a tempering process
in which reheating is performed to a temperature of 350°C or lower and in which the reheated steel sheet is held at the
temperature for 1 second or more. Here, an alloying treatment may be performed on a galvanizing layer as needed. In
the hot rolling process, the solid solution state of B is maintained by controlling a time during which the hot rolled steel
sheet is retained in a temperature range of 600°C to 700°C to be 10 seconds or less and by performing coiling at a
temperature of lower than 600°C. In the annealing process, an austenite phase, that is, a tempered martensite phase
in the final microstructure is refined by performing heating at a heating rate of 15°C or less and by holding the heated
steel sheet at a temperature of 750°C to 950°C. In the subsequent cooling process, it is possible to maintain fine crystal
grains through the use of solid solute B and by performing cooling at a cooling rate of 3°C/s or more in order to inhibit
the formation of a ferrite phase, and it is possible to homogenize the hardness of a martensite phase, that is, a tempered
martensite phase in the final microstructure by performing cooling at a cooling rate of 100°C/s or more in a temperature
range equal to or lower than the Ms temperature. After annealing has been performed, by performing tempering at a
temperature of 350°C or lower, while it is possible to increase stretch flange formability by reducing the strain of a
martensite phase, it is also possible to achieve excellent bendability by forming a tempered martensite phase which is
formed by forming fine carbides in a martensite phase. The details will be described hereafter.

3-1) Hot rolling process

Total retention time in temperature range of 600°C to 700°C: 10 seconds or less

[0045] After finish rolling has been performed, in the case where the retention time of a steel sheet in a temperature
range of 600°C to 700°C is more than 10 seconds, since compounds containing B such as B carbides are formed, there
is a decrease in the effect of B when annealing is performed, that is, the effect of decreasing the area ratio of a bainite
phase in a microstructure, due to a decrease in the amount of solid solute B in steel, which makes it impossible to form
the steel sheet microstructure according to the present invention. Therefore, the total retention time in a temperature
range of 600°C to 700°C is set to be 10 seconds or less, or preferably 8 seconds or less. Here, the temperature refers
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to the temperature of the surface of a steel sheet.

Coiling temperature: lower than 600°C

[0046] In the case where the coiling temperature is 600°C or higher, since compounds containing B such as B carbides
are formed, there is a decrease in the effect of B when annealing is performed due to a decrease in the amount of solid
solute B in steel, which makes it impossible to form the steel sheet microstructure according to the present invention.
Therefore, the coiling temperature is set to be lower than 600°C. Although there is no particular limitation on the lower
limit of the coiling temperature, it is preferable that the coiling temperature be about 400°C or higher from the viewpoint
of temperature controllability.
[0047] Although it is preferable that a slab is manufactured by using a continuous casting method in order to prevent
macro segregation, a slab may be manufactured by using an ingot-making method or a thin-slab-casting method. When
a slab is subjected to hot rolling, hot rolling may be performed after the slab has been first cooled to room temperature
and then reheated, or hot rolling may be performed after the slab has been charged into a heating furnace without having
been cooled to room temperature. Alternatively, an energy-saving process, in which hot rolling is performed immediately
after heat retention has been performed for a short time, may be used. In the case where a slab is heated, it is preferable
that the slab be heated to a temperature of 1100°C or higher in order to dissolve carbides and in order to prevent an
increase in rolling load. In addition, it is preferable that the heating temperature of a slab be 1300°C or lower in order to
prevent an increase in the amount of scale loss. Here, the temperature of a slab refers to the temperature of the surface
of the slab.
[0048] When a slab is subjected to hot rolling, a sheet bar, which has been subjected to rough rolling, may be heated
in view of preventing troubles from occurring when rolling is performed even in the case where the slab heating temperature
is low. In addition, a so-called continuous rolling process, in which sheet bars are joined in order to continuously perform
finish rolling, may be used. In the case where finish rolling is finished at a temperature of lower than the Ar3 transformation
temperature, since there is an increase in anisotropy, there may be a decrease in workability after cold rolling or annealing
has been performed. Therefore, it is preferable that finish rolling be finished at a temperature equal to or higher than the
Ar3 transformation temperature. In addition, in order to decrease rolling load and in order to homogenize a shape and
properties, it is preferable that lubrication rolling be performed so that a frictional coefficient is 0.10 to 0.25 in the all or
part of the finish rolling passes.
[0049] In addition, usually, the coiled steel sheet is subjected to, for example, cold rolling, annealing, and galvanizing
after scale has been removed by performing, for example, pickling.

3-2) Cold rolling process

Rolling reduction of cold rolling: more than 20%

[0050] In the case where the rolling reduction is 20% or less, since recrystallization does not occur when annealing
is performed, an elongated microstructure is retained, which makes it impossible to form the steel sheet microstructure
according to the present invention. Therefore, the rolling reduction of cold rolling is set to be more than 20%, or preferably
30% or more. Here, although there is no particular limitation on the upper limit of the rolling reduction, it is preferable
that the rolling reduction be about 90% or less from the viewpoint of, for example, shape stability.

3-3) Annealing process

Heating at average heating rate to annealing temperature: 15°C/s or less to a temperature of 750°C to 950°C

[0051] In the case where the average heating rate is more than 15°C/s, since there is an increase in grain growth due
to reverse transformation rapidly progressing from a non-recrystallized microstructure, in which large rolling strain is
accumulated, a coarse austenite phase, that is, a coarse tempered martensite phase in the final microstructure tends
to be formed, which makes it impossible to form the steel sheet microstructure according to the present invention.
Therefore, the average heating rate is set to be 15°C/s or less, or preferably 8°C/s or less. Although there is no particular
limitation on the lower limit of the average heating rate, since there is a case where coarse crystal grains are formed in
the case where the average heating rate is less than 1°C/s, it is preferable that the average heating rate be 1°C/s or
more. Here, the term "an average heating rate" refers to a value calculated by dividing the deference between a heating
start temperature of a steel sheet and the annealing temperature of the steel sheet by the time required for heating. In
the present invention, "s" used when representing the unit of a heating rate or a cooling rate refers to "second".
[0052] In the case where heating is performed to a temperature of lower than 750°C, since the amount of an austenite
phase, that is, a tempered martensite phase in the final microstructure is insufficiently formed, it is not possible to form
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the steel sheet microstructure according to the present invention. On the other hand, in the case where heating is
performed to a temperature of higher than 950°C, since there is an increase in the diameter of austenite grains, it is not
possible to form the steel sheet microstructure according to the present invention. Therefore, the annealing temperature
is set to be 750°C to 950°C.

Holding time at annealing temperature: 30 seconds or more

[0053] In the case where the holding time at an annealing temperature of 750°C to 950°C is less than 30 seconds,
since the amount of an austenite phase formed is insufficient, it is not possible to form the steel sheet microstructure
according to the present invention. Therefore, the holding time at the annealing temperature is set to be 30 seconds or
more. Although there is no particular limitation on the upper limit of the holding time, it is preferable that the holding time
be about 1000 seconds or less from the viewpoint of, for example, productivity.

3-4) First cooling process (cooling process from end of annealing to dipping in galvanizing bath)

Average cooling rate: 3°C/s or more

[0054] In the case where the average cooling rate after the annealing process is less than 3°C/s, since excessive
amounts of ferrite phase and upper bainite phase are formed during cooling and holding, it is not possible to form the
steel sheet microstructure according to the present invention. Therefore, the average cooling rate is set to be 3°C/s or
more, or preferably 5°C/s or more. On the other hand, it is preferable that the upper limit of the average cooling rate be
50°C/s or less, or more preferably 40°C/s or less. This average cooling rate refers to a value obtained by dividing the
difference between the annealing temperature of a steel sheet and the temperature of the galvanizing bath by the time
from the end of annealing to dipping in galvanizing bath. Here, as long as the condition described above regarding the
cooling rate is satisfied, for example, cooling, heating, or holding may be performed in a temperature range from the Ms
temperature to 550°C during the cooling process.

3-5) Galvanizing process

[0055] Galvanizing is performed on the steel sheet which has been cooled from the annealing temperature through
the first cooling process. There is no particular limitation on the conditions used for a galvanizing treatment. For example,
it is preferable that a galvanizing treatment be performed by dipping the steel sheet which has been subjected to the
treatment described above in a galvanizing bath having a temperature of 440°C or higher and 500°C or lower and by
then performing, for example, gas wiping in order to control coating weight. It is preferable that a galvanizing bath having
an A1 content of 0.08 mass% to 0.25 mass% be used in a galvanizing treatment. Further, in the case where an alloying
treatment is performed on the galvanizing layer, it is preferable that an alloying treatment be performed by holding the
steel sheet in a temperature range of 460°C or higher and 600°C or lower for 1 second or more and 40 seconds or less.

3-6) Second cooling process (cooling process after galvanizing has been performed)

Cooling at average cooling rate: 1°C/s or more to temperature equal to or higher than Ms temperature

[0056] Slow cooling is performed at an average cooling rate of 1°C/s or more in a temperature range not lower than
the Ms temperature. In the case where the average cooling rate is less than 1°C/s in this slow cooling, since an upper
bainite phase and a lower bainite phase are formed during cooling, it is not possible to form the steel sheet microstructure
according to the present invention. Therefore, the average cooling rate of this slow cooling is set to be 1°C/s or more.
This average cooling rate refers to a value obtained by dividing the difference between the temperature of the steel
sheet after galvanizing has been performed and the temperature of the steel sheet when the cooling is stopped by the
time required for the cooling. In the case where the cooling rate of slow cooling is excessively large, since a variation in
temperature tend to occur, there may be a variation in hardness. Therefore, it is preferable that the average cooling rate
be 50°C/s or less.

Cooling stop temperature: equal to or higher than Ms temperature

[0057] In the case where the cooling stop temperature of slow cooling is lower than the Ms temperature, since an
auto-tempered martensite phase and a lower bainite phase, which have a large variation in hardness, and coarse
carbides are formed, it is not possible to form the steel sheet microstructure according to the present invention. Therefore,
the cooling stop temperature of slow cooling is set to be equal to or higher than the Ms temperature, or preferably the
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Ms temperature to 500°C. In the present invention, the Ms temperature is determined from the change in linear expansion.

Cooling at average cooling rate: 100°C/s or more to a temperature of 100°C or lower

[0058] After the slow cooling has been performed, rapid cooling is performed at an average cooling rate of 100°C/s
or more to a temperature of 100°C or lower. In the case where the average cooling rate to a temperature of 100°C or
lower is less than 100°C/s, since an auto-tempered martensite phase and a lower bainite phase, which have a large
variation in hardness, are formed, it is not possible to form the steel sheet microstructure according to the present
invention. Therefore, the average cooling rate to a temperature of 100°C or lower is set to be 100°C/s or more. This
average cooling rate refers to a value obtained by dividing the difference between the temperature of the steel sheet
after the slow cooling described above has been performed and the temperature of the steel sheet when the second
cooling is stopped by the time required for the cooling.

Second cooling stop temperature: 100°C or lower

[0059] In the case where the second cooling stop temperature is higher than 100°C, since an auto-tempered martensite
phase and a lower bainite phase, which have a large variation in hardness, are formed, it is not possible to form the
steel sheet microstructure according to the present invention. Therefore, the rapid cooling stop temperature is set to be
100°C or lower, or preferably 60°C or lower.

3-7) Tempering process

Reheating temperature: 350°C or lower

[0060] In the case where the reheating temperature is higher than 350°C, since there is coarsening of carbides in a
tempered martensite phase, it is not possible to form the steel sheet microstructure according to the present invention.
Therefore, the reheating temperature is set to be 350°C or lower. Although there is no particular limitation on the lower
limit of the reheating temperature, it is preferable that the lower limit of the reheating temperature be 80°C or higher.

Holding time at reheating temperature: 1 second or more

[0061] In the case where the holding time at the reheating temperature is less than 1 second, since tempering insuf-
ficiently progressed, there is a decrease in stretch flange formability. Therefore, the holding time at the reheating tem-
perature is set to be 1 second or more. Although there is no particular limitation on the upper limit of the holding time, it
is preferable that the holding time be 10 days or less.

3-8) Other processes

[0062] The high-strength galvanized steel sheet according to the present invention may also be subjected to various
coating treatments such as resin coating and oil-and-fat coating. A steel sheet whose galvanizing layer has been subjected
to an alloying treatment may be subjected to skin pass rolling, for example, in order to perform shape correction and in
order to control surface roughness.

4) Other conditions and so forth

[0063] Although there is no particular limitation on the thickness of the high-strength galvanized steel sheet according
to the present invention, it is preferable that the thickness of the steel sheet be 0.4 mm to 3.0 mm. In addition, although
the TS of the high-strength galvanized steel sheet according to the present invention is 980 MPa or more, it is preferable
that the TS of the steel sheet be 1180 MPa or more.
[0064] There is no particular limitation on use of the high-strength galvanized steel sheet according to the present
invention. Since the steel sheet can contribute to a decrease in the weight of an automobile and increase in the quality
of an automobile body, it is preferable that the steel sheet be used for automobile parts.

EXAMPLES

[0065] Hereafter, the examples of the present invention will be described. The technical scope of the present invention
is not limited to the examples described below.
[0066] By using steels having the chemical compositions given in Table 1 (the balance being Fe and inevitable impu-
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rities), galvanized steel sheets were manufactured under the conditions given in Table 2. In detail, molten steels having
the chemical compositions given in Table 1 were prepared by using a vacuum melting furnace and rolled into steel slabs.
These steel slabs were heated to a temperature of 1200°C and then subjected to rough rolling, finish rolling, cooling,
and coiling to obtain hot-rolled steel sheets. Subsequently, the hot-rolled steel sheets were subjected to cold rolling to
a thickness of 1.4 mm to obtain cold-rolled steel sheets and then subjected to annealing and tempering. By performing
annealing by using an infrared image furnace, which simulated a continuous galvanizing line, under the conditions given
in Table 2, galvanized steel sheets (GI) and galvannealed steel sheets (GA) (steel sheet Nos. 1 through 31) were
manufactured. The galvanized steel sheets were manufactured by dipping the steel sheets in a galvanizing bath having
a temperature of 460°C to form galvanizing layers having a coating weight of 35 g/m2 to 45 g/m2. The galvannealed
steel sheets were manufactured by forming galvanizing layers through the process described above and by then per-
forming an alloying treatment in a temperature range of 460°C to 600°C. Hereafter, the GI and the GA shall be referred
to as "galvanized steel sheets".
[0067] After having performed skin pass rolling on the obtained galvanized steel sheets with an elongation ratio of
0.2%, tensile properties, bending workability, and stretch flange formability were determined by using the methods
described below. In addition, by using the methods described above, steel sheet microstructure, the standard deviation
of a variation in the Vickers hardness of a tempered martensite phase, and the number density of carbides having a
minor axis length of 0.05 mm or more in a tempered martensite phase were investigated. The results are given in Table
3. Here, the Vickers hardness of a tempered martensite phase determined in each of the examples of the present
invention was within a range of 300 to 600.

<Tensile property test>

[0068] By performing a tensile test with a strain rate of 10-3/s in accordance with JIS Z 2241 on a JIS No. 5 tensile
test piece (JIS Z 2201) which had been taken from the obtained galvanized steel sheet along a direction at a right angle
to the rolling direction, TS was determined. A case where the TS was 980 MPa or more was judged as satisfactory, and
a case where the TS was 1180 MPa or more was judged as more than satisfactory.

<Bending workability test>

[0069] A bending test was performed on a strip-shaped test piece having a width of 35 mm and a length of 100 mm
which had been taken from the obtained galvanized steel sheet so that the direction of the flection axis was parallel to
the rolling direction. By performing a V-bend test at an angle of 90° under the conditions of a stroke speed of 10 mm/s,
a press load of 10 ton, a press-holding time of 5 seconds, and a bending radius R of 2.0 mm, and by observing the ridge
line at the bending position by using a loupe at a magnification of 10 times, cracking and streaky undulation were
respectively evaluated on a 5-point scale, and a case of rank 3 or higher was judged as satisfactory. In addition, in the
case of rank 3 or higher, the higher the rank, the better the evaluation was.
[0070] In the evaluation of cracking, a case where a crack of 5 mm or more was observed was ranked as "1", a case
where a crack of 1 mm or more and less than 5 mm was observed was ranked as "2", a case where a crack of 0.5 mm
or more and less than 1 mm was observed was ranked as "3", a case where a crack of 0.2 mm or more and less than
0.5 mm was observed was ranked as "4", and a case where a crack of less than 0.2 mm or no crack was observed was
ranked as "5".
[0071] In the evaluation of streaky undulation, a case where streaky undulation was markedly observed was ranked
as "1", a case where streaky undulation was ordinarily observed was ranked as "2", a case where streaky undulation
was slightly observed was ranked as "3", a case where streaky undulation was very slightly observed was ranked as
"4", and a case where no streaky undulation was observed was ranked as "5".

<Hole expansion test>

[0072] By performing a hole expansion test was performed 3 times by using a conical punch having a cone angle of
60° in accordance with JFS T 1001 (The Japan Iron and Steel Federation Standard) on test pieces having a width of
150 mm and a length of 150 mm which had been taken from the obtained galvanized steel sheet, average hole expansion
ratio λ (%) was determined in order to evaluate stretch flange formability. A case where the hole expansion ratio was
30% or more was judged as a case of satisfactory stretch flange formability.
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[0073] It is clarified that, in the case of the examples of the present invention, it is possible to achieve a TS of 980
MPa or more, in particular, 1180 MPa or more while achieving excellent stretch flange formability and bending workability.
Therefore, according to the examples of the present invention, it is possible to obtain a high-strength galvanized steel
sheet excellent in terms of stretch flange formability and bending workability. The steel sheet contributes to the weight
reduction of an automobile and significantly contributes to an increase in the quality of an automobile body, and thus
excellent effects can be achieved.

Industrial Applicability

[0074] According to the present invention, it is possible to obtain a high-strength galvanized steel sheet having a TS
of 980 MPa or more, in particular, 1180 MPa or more while achieving excellent stretch flange formability and bending
workability. By using the high-strength galvanized steel sheet according to the present invention for automobile parts,
it is possible to contribute to the weight reduction of an automobile and to significantly contribute to an increase in the
quality of an automobile body.

Claims

1. A high-strength galvanized steel sheet having
a chemical composition containing, by mass%,

C: 0.07% to 0.25%,
Si: 0.01% to 3.00%,
Mn: 1.5% to 4.0%,
P: 0.100% or less,
S: 0.02% or less,
Al: 0.01% to 1.50%,
N: 0.001% to 0.008%,
Ti: 0.003% to 0.200%,
B: 0.0003% to 0.0050%, and
the balance being Fe and inevitable impurities,
wherein the relationship Ti > 4N is satisfied, and

a microstructure including, in terms of area ratio in a cross section located at 1/4 of the thickness from the surface
of a base steel sheet, a ferrite phase in an amount of 70% or less (including 0%), a bainite phase and a tempered
bainite phase in an amount of 20% or less (including 0%) in total, a tempered martensite phase in an amount of
25% or more, and a retained austenite phase in an amount of less than 3% (including 0%),
wherein the average crystal grain diameter of the tempered martensite phase is 20 mm or less, wherein a variation
in the Vickers hardness of the tempered martensite phase is 20 or less in terms of standard deviation, and wherein
the number density of carbides having a minor axis length of 0.05 mm or more in the tempered martensite phase is
3 3 106 particles/mm2 or less.

2. The high-strength galvanized steel sheet according to Claim 1, the chemical composition further containing, by
mass%, at least one selected from

Cr: 0.01% to 2.00%,
Mo: 0.01% to 2.00%,
V: 0.01% to 2.00%,
Ni: 0.01% to 2.00%, and
Cu: 0.01% to 2.00%.

3. The high-strength galvanized steel sheet according to Claim 1 or 2, the chemical composition further containing, by
mass%, Nb: 0.003% to 0.200%.

4. The high-strength galvanized steel sheet according to any one of Claims 1 to 3, the chemical composition further
containing, by mass%, at least one selected from

Ca: 0.001% to 0.005% and
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REM: 0.001% to 0.005%.

5.  A method for manufacturing a high-strength galvanized steel sheet, the method comprising performing the following
processes in the following order:

a hot rolling process in which, after having performed finish rolling on a slab having the chemical composition
according to any one of Claims 1 to 4, cooling is performed such that a total time during which the hot-rolled
steel sheet is retained in a temperature range of 600°C to 700°C is 10 seconds or less and in which coiling is
performed at a coiling temperature of lower than 600°C,
a cold rolling process in which cold rolling is performed with a rolling reduction of more than 20%,
an annealing process in which heating is performed to an annealing temperature of 750°C to 950°C at an
average heating rate of 15°C/s or less and in which the heated steel sheet is held at the annealing temperature
for 30 seconds or more,
a first cooling process in which cooling is performed at an average cooling rate of 3°C/s or more,
a galvanizing process in which galvanizing is performed,
a second cooling process in which, after having performed cooling to a temperature equal to or higher than the
Ms temperature at an average cooling rate of 1°C/s or more, cooling is performed to a temperature of 100°C
or lower at an average cooling rate of 100°C/s or more, and
a tempering process in which reheating is performed to a temperature of 350°C or lower and in which the
reheated steel sheet is held at the temperature for 1 second or more.

6. The method for manufacturing a high-strength galvanized steel sheet according to Claim 5, wherein, after having
performed galvanizing in the galvanizing process, an alloying treatment is further performed on the galvanizing layer
by heating the galvanized steel sheet to a temperature of 460°C to 600°C.
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